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Abstract 
In this paper, the effects of the existence of inclusion or missing cells on the overall in-plane mechanical behavior of micro-lattice 
plate is discussed by using the numerical finite element analysis. The micro-lattice plate can be manufactured using the selective 
metal laser melting technique, and various shapes of its micro-architecture can be easily produced even if there are non-uniform 
cells. In particular, effects of boundary condition of the plate’s edges, cell’s geometry and the shapes of non-uniform region on 
the initial stiffness and plastic collapse strength are investigated. Also, based on the numerical results, empirical equations for 
estimating these mechanical properties are proposed. 
© 2014 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
h, h0  heights of the plate and its defect region  
w, w0   widths of the plate and its defect region 
Lx, Ly, Lz lengths of a cell in x-, y- and z-directions 
d and L  diameter and length of a strand 
Nx,Ny  numbers of unit cells along x- and y-directions 
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Es, σs, νs  Young’s modulus, Yield stress and Poisson’s ratio for applied material  
E*0 and σ*pl0 initial stiffness and plastic collapse strength of the micro-lattice plate without inclusion 
E* and σ*pl initial stiffness and plastic collapse strength of the micro-lattice plate with inclusion 
1. Introduction 
Cellular structures, such as honeycombs, lattices and foams have been taken attention and used for many 
structural applications owing to their superior mechanical performance per unit mass. For decades, many researchers 
have been investigated the mechanical properties of cellular structures with regular and irregular cells by using 
numerical, theoretical and experimental approaches (Gibson and Ashby (1997)).  
One of co-authors have developed the selective laser melting (SLM) technique for manufacturing micro-lattice 
structures at length scales of microns. The micro-lattice structure can be produced by using CAD data, so the micro-
architecture of the structure can be changed easily to enhance the overall mechanical properties such as initial 
stiffness, plastic collapse or buckling strength and impact energy absorption capacity. Fig. 1 shows the example of 
micro-lattice block with two types of inner cells.  
                                                          (a) with uniform cells                        (b) with non-uniform cells 
Fig. 1. Pictures of micro-lattice structure by SLM technique. 
 
The effects of hole and inclusions on the mechanical performance of honeycomb structures have been 
investigated by other researchers (Silva and Gibson (1997), Guo and Gibson (1999), Chen et al. (1999, 2001)). 
However, the micro-lattice structure investigated has much potential for improving the mechanical properties by 
changing the strand’s length, angles between adjacent strands.  
In this study, the in-plane mechanical properties of the micro-lattice plate with inclusion is analyzed by using 
numerical analysis applying Finite Element Method. The main purpose is to estimate the initial stiffness and strength 
of the plate directly from the inclusion data. The inclusion is centered in the plate, and subjected to in-plane tension 
load. In our investigation, the effects of inclusions on the initial stiffness and plastic collapse strength are discussed. 
The inclusions investigated here are modelled by holes, softer (coarser) cells and harder (finer) cells.  
2. Method of Numerical Analysis 
In our calculation, the commercial FE analysis software, Msc.Marc, is used to demonstrate the in-plane 
deformation behaviour of a lattice plate with irregular cells. Figure 2 (a)(b) show the schematic of boundary 
condition in our calculation. Assuming that non-uniform cells are centered in a plate, and a tensile or compressive 
load is applied on the upper and lower edge. Also, in order to discuss the effect of clamped status of the edge on the 
overall performance, two kinds of boundary conditions are considered. The dashed line shows the analytical region 
in our FE analysis by considering the symmetry. Figure 3(a)(b)(c) show the example of lattice plate with irregular 
cells. As the weakest inclusion can be regarded as a hole, the missing cell model is also investigated.  
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Figure 4 shows three kinds of unit-cell investigated in our study. BCC is a body-centered cubic cell, BCCZ is 
similar to BCC, but with vertical bar, and f2BCC is again based on BCC with ±45 degree strands across the faces of 
the cube. They all are modelled by using Timoshenko beam element having circular cross section, and divided into 
almost 20 number of elements in our FE calculation. Also, all elements are assumed to obey the homogeneous and 
isotropic elasto-plastic stress-strain behaviour, and the Young’s modulus Es. Poisson’s ratio νs and initial yield stress 
σs are set to 140GPa, 0.3 and 144MPa, respectively based on the experimental data for Stainless steel SS316L 
(Tsupanos et al(2010)). Moreover, in our study, the diameter d of each strand are set to 0.2 mm, and its length  L is 
changed from 2.5 mm in order to discuss the effect of inclusion on the overall mechanical response. 
             (a) Boundary condition 1       (b) Boundary condition 2                  (c) Geometrical parameters of a lattice model 
Fig.2 Schematic of analytical model under two boundary conditions and geometrical parameters 
                                            (a) Missing cell                   (b) Inclusion (stiffened)           (c) Inclusion (weakened) 
Fig.3 Example of irregular cell models 
3. Results and Discussion 
3.1. Effect of edge’s status on the overall stiffness and strength  
Figure 5(a) shows comparisons of tensile stress versus strain curves for lattice panel with different irregular cells. 
It can be understood from the figure that the initial stiffness and plastic collapse strength which is the initiation of 
the nonlinear behaviour decreases once missing cells or weakened cells are placed. However, the stress-strain curves 
for stiffened model is almost equal to that for an intact (perfect) model. 
Figure 5(b) shows variations of initial stiffness and plastic collapse strength for BCC lattice panel with missing cell 
region under two edge boundary conditions. In the figure, E*0 and σ*pl0 represent the initial stiffness and plastic 
collapse strength for a perfect (regular) lattice panel. It can be found from Fig.5 that the initial stiffness and plastic 
collapse strength depend strongly on the edge‘s status, and these factor under fixed condition drops more sharply 
than those under non-fixed condition as the missing cell region increases. 
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                                     (a) BCC unit-cell                           (b) BCCZ unit-cell                         (c) f2BCC unit-cell 
Fig. 4 Three kinds of unit-cell model discussed in this study 
                                      (a) Stress-strain behaviour                                                     (b) Variation of E* and σ*pl 
Fig. 5 Comparison of stress vs strain curve for lattice panel with different inclusion and variations of initial stiffness E* and plastic collapse 
strength σ*pl under different edge’s condition 
3.2. Effect of unit-cell geometry on the overall stiffness and strength  
Figure 6(a)(b) show variations of initial stiffness E* and plastic collapse strength σ*pl for lattice panel composed 
of different unit-cell. It can be found from Fig.6(a) that the dependence of defect size w/w0 on the stiffness E* for 
BCC model is  similar to that for f2BCC structure.  On the contrary, as  for the  BCCZ structure,  the dependence  is  
             (a) Variation of initial stiffness  E*                       (b) Variation of plastic collapse strength σ*pl 
Fig. 6 Comparisons of variations E*/E*0 and σ*pl / σ*pl0 for three types of micro-architectures   
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significant and the stiffness decreases the most dramatically among these models.  As for the plastic collapse 
strength σ*pl, the dependence of the defect’s size for BCC model is significant. In other words, the mechanical 
performance for f2BCC panel is the most stable as the region w/w0 increases. 
3.3. Prediction of initial stiffness and plastic collapse strength  
 In order to predict the dependence of initial stiffness E* and plastic collapse strength σ*pl on the shape of defect 
region, additional numerical calculations for BCC lattice panels having different shapes by changing the number of 
unit-cell in x- and y-direction as shown in Fig. 7 are conducted. Figure 8 (a)(b) show the variations of initial 
stiffness and plastic collapse strength as a function of parameter w/w0.It can be found that the initial stiffness E* 
depends on the defect size h/h0 along the longitudinal (loading) direction. On the contrary, the plastic collapse 
strength σ*pl is independent of h/h0, and depends mainly on w/w0. Here, Figure 8(a)(b) show the variations of E* and 
σ*pl obtained by changing the parameters h/h0 and w/w0 independently.  Based on the numerical results shown in 
Figure 8, the approximate equation assuming that the initial stiffness E* and plastic collapse strength σ*pl is proposed 
as follows: 
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                                (a) (Nx,Ny)= (10,19)                        (b) (Nx,Ny)= (14,13)                          (c) (Nx,Ny)= (19,9)     
Fig. 7 Three types of BCC lattice panels having different number of unit-cells  
 
The parameters ,  and  in Eqs.(1) and (2) depend on the micro-architecture of a lattice panel. Table 1 shows 
example of these values for three models shown in Fig.3 (Here, Lx=Ly=Lz). Here, as for the stiffened inclusion 
model, the length of smaller cell is one third of that for surrounding cells (larger cell). On the contrary, as for the 
weakened inclusion model, the length of larger cell is triple of that surrounding cells (smaller cell). It can be found 
from Table 1 that for the case of missing cell or weakened inclusion model, the initial stiffness depends more 
significantly on w/w0 than h/h0.  Besides, as for the stiffened inclusion model, the stiffness is mainly dominated by 
the size of inclusion along the loading direction. Also, since the plastic collapse strength depends on the larger cell, 
so the parameter  is almost equal to 0 for stiffened inclusion model. 
The above two equations can be used for estimating the initial stiffness and strength for various shapes of micro-
lattice panels directly and easily. Moreover, by comparing with the similar response for a continuum plate problem, 
we can conclude that the micro-lattice plate has less dependence of the plastic collapse strength, and more 
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dependence of the initial stiffness on the weak inclusion. Moreover, based on this research, we would report the 
estimation of plastic yield loci for the micro-lattice plate subjected to multi-axial loading in the next paper. 
         (a) Variation of initial stiffness  E*                     (b) Variation of plastic collapse strength σ*pl 
Fig. 8 Dependence of defect size h/h0 and w/w0 on the mechanical performance E* and σ*pl 
 
               Table 1 Values of parameters  and  for three models shown in Fig.3 
 
4. Conclusion 
In this study, the effects of inclusion on the in-plane mechanical performance of lattice panel are investigated. 
The weakest inclusion can be regarded as a missing cells, and we mainly discussed the dependence of defect size, 
shape and geometry of micro-architecture on the initial stiffness E* and plastic collapse strength σ*pl. Based on our 
numerical results, approximate equations for these parameters are proposed. 
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Parameter Missing cell model  Inclusion (stiffened, one-third) Inclusion (weakened, triple) 
 0.50 -0.48 0.30 
 0.25 -1.0 0.12 
 0.40 0 0.20 
                     
